Anhydromannose (anMan)-containing heparan sulfate (HS) derived from S-nitrosylated glypican-1 is generated in endosomes by an endogenously or ascorbate induced S-nitrosothiol-catalyzed reaction. Expression and processing of amyloid precursor protein (APP) is required to initiate formation and endosome-to-nucleus translocation of anMan-containing HS in wild-type mouse embryonic fibroblasts (WT MEF). HS is then transported to autophagosomes and finally degraded in lysosomes. To investigate how APP-derived amyloid β (Aβ) peptide affects intracellular trafficking of HS, we have studied nuclear transit as well as autophagosome/lysosome targeting and degradation in transgenic Alzheimer disease mouse (Tg2576) MEF which produce increased amounts of Aβ. Deconvolution immunofluorescence microscopy with an anMan-specific monoclonal antibody showed anMan staining in the nuclei of Tg2576 MEF after 5 min of ascorbate treatment and after 15 min in WT MEF. There was also greater nuclear accumulation of HS in Tg2576 MEF as determined by 35 S-sulfate-labeling experiments. Tg2576 MEF was less sensitive to inhibition of NO production and copper-chelation than WT MEF. By using APP-and Aβ-recognizing antibodies, we observed nuclear translocation of Aβ peptide in Tg2576 MEF but not in WT MEF. HS remained in the nucleus of WT MEF for at least 8 h and was then transported to autophagosomes. By 8 h, HS had disappeared from the nuclei of Tg2576 MEF but colocalized poorly with the autophagosome marker LC3. Aβ also disappeared rapidly from the nuclei of Tg2576 MEF. Initially, it appeared in acidic vesicles and later it accumulated extracellularly. Thus, in Tg2576 MEF there is nuclear accumulation as well as secretion of Aβ and impaired degradation of HS.
Introduction
The copper-and heparan sulfate (HS)-binding amyloid precursor protein (APP) and the HS-proteoglycan glypican-1 (Gpc-1) are both expressed at the cell surface of many cells, but can also be internalized and colocalized in endosomes (Williamson et al. 1996; Watanabe et al. 2004; Cappai et al. 2005; Reinhard et al. 2005) . Specific cysteines in the Gpc-1 core protein are S-nitrosylated in a reaction that is dependent on copper that could be provided by APP. This enables Gpc-1 HS chains to be deaminatively cleaved in an S-nitrosothiol (SNO)-catalyzed reaction resulting in release of HS chains and oligosaccharides containing reducing terminal anhydromannose (anMan). The endogenous inducing mechanism is unknown but may involve copper, resulting in a Cu 2+ /Cu + redox cycle. Formation of anMan- (Cheng et al. , 2012 (Cheng et al. , 2014 Ding et al. 2002; Mani et al. 2003 Mani et al. , 2006a Svensson and Mani 2009 ).
In the same compartments, APP is cleaved by β-secretase into a large, soluble N-terminal ectodomain and a smaller, membranebound C-terminal domain (β-CTF). In the amyloidogenic pathway, β-CTF is subsequently cleaved by γ-secretase into Aβ peptides and a new membrane-bound C-terminal domain (γ-CTF). The intracellular functions of these degradation products are not fully understood (Reinhard et al. 2005; Müller and Zheng 2012) .
We have recently shown that APP expression is required to initiate formation and endosome-to-nucleus translocation of anMancontaining HS in wild-type mouse embryonic fibroblasts (WT MEF) (Cheng et al. 2014) . Inhibition of APP processing greatly impeded nuclear translocation suggesting that Aβ peptides and/or γ-CTF are involved in the penetration of the endosomal membrane. The anMan-containing HS eventually disappears from the nuclei and is captured in autophagosomes/lysosomes for final destruction. As Aβ peptides can aggregate into toxic oligomers (Benilova et al. 2012; Gouras et al. 2012; Larson and Lesné 2012) , a balanced formation of Aβ peptides and anMan-containing HS may be critical under physiological conditions. Indeed, non-toxic Aβ assemblies are formed when oligomerization/aggregation takes place while anMancontaining HS is simultaneously generated from S-nitrosylated Gpc-1 in vitro (Cheng et al. 2013) .
The Alzheimer mouse model Tg2576 is characterized by expression of mutated APP resulting in excessive production Aβ peptides (see Cheng et al. 2014) . To investigate how this may affect intracellular trafficking of Aβ peptides and anMan-containing HS, we have compared their nuclear transit as well as autophagosome/lysosome targeting in WT and Tg2576 MEF. We find a rapid nuclear transit of anMan-containing HS in Tg2576 MEF compared with WT MEF. Also Aβ peptides appeared in the nuclei of Tg2576 MEF and accumulated ultimately at extracellular sites.
Results
Rapid nuclear translocation of anMan-containing HS in Tg2576 MEF and insensitivity to NO-deprivation and copper (I) chelation
Growing fibroblasts produce anMan-containing HS derived from S-nitrosylated Gpc-1 by SNO-catalyzed deaminative cleavage at N-unsubstituted glucosamines located near the linkage to the protein core (Ding et al. 2001 Mani et al. 2006a, b; Cheng et al. 2012) . However, as cells reach confluence anMan-staining diminishes. Ascorbate can be taken up by non-growing cells and trigger further autodegradation resulting in reappearance of anMan staining. Degradation begins in caveolae/early endosomes and the released HS, which accumulates in Rab7-positive, late endosomes, is transferred to the cytosol and then into the nucleus (Mani et al. 2006a, b; Cheng et al. 2014) . We first compared the rate of nuclear translocation in WT and Tg2576 MEF.
In growth-quiescent WT MEF, anMan staining was undetectable before ascorbate treatment ( Figure 1A ) but was clearly observed in the nuclei after 15 min of ascorbate treatment ( Figure 1D ). In growthquiescent Tg2576 MEF anMan staining was prominent in the perinuclear area of the cytoplasm before ascorbate treatment ( Figure 1E ). Already after 5 min of ascorbate treatment, there was anMan staining in the nuclei ( Figure 1G ). Hence, production of anMan-containing HS continues in Tg2576 MEF after growth-arrest and there is rapid nuclear translocation of HS in Tg2576 MEF compared with WT MEF. Figure 1I and J). Although the intensity of anMan staining appeared greater in Tg2576 MEF than in WT MEF ( Figure 1D and H), it cannot be excluded that nuclear HS may also be derived from other HS-proteoglycans by, for example, heparanase cleavage. Generation of anMan-containing HS from Gpc-1 requires supply of NO and Cu 2+ -ions Ding et al. 2002) . To compare the sensitivity to NO-deprivation between WT and Tg2576 MEF, cells were grown to confluence in the presence of 10 mM aminoguanidine, which selectively inhibits inducible nitric oxide synthase (iNOS) (Griffiths et al. 1993) . When WT MEF was subsequently exposed to ascorbate-containing medium, there was a transient appearance of punctate anMan staining in the cytoplasm after 1 min ( Figure 2B ) but no nuclear accumulation could be observed ( Figure 2B-D) . In Tg2576 MEF, ascorbate-induced anMan staining was unaffected by pretreatment with 10 mM aminoguanidine ( Figure 2E -H) but nuclear staining was not complete until 15 min of ascorbate treatment ( Figure 2H ). Quantitative estimates of total colocalizations between anMan-and DAPI staining after 15 min of ascorbate treatment gave Pearson's R values of 0.408 for WT MEF and 0.984 for Tg2576 MEF. Thus, apart from a delay in nuclear translocation of anMancontaining HS (cf. Figures 1G and 2G ), Tg2576 MEF was insensitive to inhibition of iNOS (cf. Figure 2D and H). As shown previously, newly formed anMan-containing HS accumulates in Rab7-positive endosomes, translocates to the nucleus and then to autophagosomes (Mani et al. 2006a, b; Cheng et al. 2014) . The transient anMan staining that appeared in the cytoplasm of aminoguanidine exposed WT MEF after 1 min of ascorbate treatment ( Figure 2B ) colocalized mostly with Rab7 (Supplementary data, Figure  S1A , 65%) but also with the autophagosome marker LC3 (Supplementary data, Figure S1B , 39%). In Tg2576 MEF, treated in the same way, the anMan staining colocalized almost equally with Rab7 (Supplementary data, Figure S1C , 51%) and with LC3 (Supplementary data, Figure S1D , 41%).
S-Nitrosylation requires Cu 2+ -ions which are reduced to Cu + when Cys-SH is oxidized to Cys-SNO. APP contains binding sites for both Cu 2+ and Cu + (Kong et al. 2007; Feaga et al. 2011) . As Tg2576 mice overexpress APP, their MEF should contain a larger supply of copper ions. Ascorbate-induced denitrosylation and subsequent deaminative release of HS from S-nitrosylated Gpc-1 may require re-oxidation of Cu + to Cu 2+ . To test this, cells were treated with ascorbate in the presence of neocuproin, a chelator of Cu + ions Ding et al. 2002) . While nuclear anMan staining was almost invisible after combined ascorbate-neocuproin treatment of WT MEF ( Figure 3A and B), Tg2576 MEF was unaffected ( Figure 3C and D). Also Gpc-1 may contain copper-binding sites (Mani et al. 2003) and increased expression of Gpc-1 in Tg2576 could thus contribute to the insensitive to copper chelation. However, we found no evidence for a major increase in Gpc-1 expression as judged by a slot blot assay using antimouse Gpc-1 (Supplementary data, Figure S2 ).
Nuclear translocation of both anMan-containing HS and Aβ peptides in Tg2576 MEF
Aβ peptides and γ-CTF may be involved in the transfer of anMancontaining HS across the endosomal membrane (Cheng et al. 2014) . To investigate possible cotransfer of anMan-containing HS and APP degradation products, we used monoclonal antibody (mAb) 4G8 to detect APP-and Aβ-containing degradations products and polyclonal antibody ( pAb) A8717 to detect APP and C-terminal degradation products. As there is no pAb to anMan-containing HS, parallel experiments were performed. In WT MEF (Figure 4 ), nuclear anMan-staining was complete after 15 min of ascorbate treatment ( Figure 4C ; see also Figure 1D ). Staining for the Aβ region (4G8) and the C-terminus of APP (A8717) remained essentially extranuclear throughout the time-course of the experiment (Figure 4E -H; see also line-scans next to D and H), suggesting no major nuclear cotransfer of HS and APP/APP degradation products. In Tg2576 MEF ( Figure 5 ), anMan staining was visible in cytoplasmic vesicles after 1 min of ascorbate treatment ( Figure 5A ) and started to accumulate in the nuclei after 5 min ( Figure 5B ; see also Figure 1G ) and appeared almost complete after 15 min ( Figure S1F , 36%). Aβ staining was visible in the nuclei after 15 min ( Figure 5G ) and appeared complete after 30 min ( Figure 5H ; see also line-scan next to H). Simultaneously, staining for the APP C-terminus (A8717) remained essentially extranuclear ( Figure 5H ; see also line-scan next to H) indicating that the nuclear 4G8 staining largely corresponded to accumulation of Aβ peptides. Hence, also Aβ peptides entered the nuclei of Tg2576 MEF.
Rapid nuclear export of anMan-containing HS in Tg2576 MEF
As shown previously, nuclear anMan-containing HS eventually disappears from the nuclei and is captured in autophagosomes (Cheng et al. 2014) . In WT MEF, HS remained in the nuclei for up to 8 h of chase ( Figure 6A ). After 32 h of chase anMan staining colocalized with LC3 in keeping with an autophagosomal location ( Figure 6B ; see also linescan next to B). Quantitative estimate of total colocalization between anMan and LC3 staining in WT MEF after 32 h of chase gave a Pearson's R value of 0.546. In Tg2576 MEF, most of the anMan staining had disappeared from the nuclei after 8 h of chase ( Figure 6C ). After 32 h of chase the cytoplasmic anMan staining colocalized poorly with LC3 ( Figure 6D ; see also line-scan next to D), suggesting a different location. Quantitative estimate of total colocalization between anMan and LC3 staining in Tg2576 MEF after 32 h of chase gave a Pearson's R value of 0.014.
Extracellular accumulation of Aβ peptides in Tg2576 MEF
To investigate nuclear export of Aβ peptides, we used mAb 4G8 to detect APP/Aβ peptides and LysoTrackerRed (LTR) to detect acidic compartments. In WT MEF, where APP/Aβ peptides were never seen in the nuclei upon ascorbate treatment ( Figure 4E -H), 4G8 staining remained colocalized with LTR throughout the chase period (see yellow in Figure 7A , merged; see also line-scan) indicating association with acidic compartments. In Tg2576 MEF, where Aβ peptides accumulated in the nuclei upon ascorbate treatment ( Figure 5H ), 4G8 staining colocalized with LTR initially during the chase period (Figure 7B , merged; t = 1 h), but was eventually located extracellularly (Figure 7B , merged; t = 24-32 h; see also line-scan), suggesting an Aβ overload of the autophagosome/lysosome pathway. Later in the chase period, the localization of LTR was cytosolic as well as nuclear, possibly due to leakage from the acidic compartments.
Discussion
Past and present results indicate a functional interplay between APP, Gpc-1, copper ions and NO. When there is increased expression of APP resulting in excessive formation of Aβ peptide, as in Tg2576 MEF, the capacity to generate anMan-containing HS from S-nitrosylated Gpc-1 is concomitantly increased. APP binds strongly to Gpc-1 in vitro and the two proteins colocalize inside cells providing opportunities for a direct regulatory interaction (Williamson et al. 1996; Cappai et al. 2005) . A prerequisite for SNO-catalyzed Gpc-1 autoprocessing is S-nitrosylation of the Cys residues in the C-terminal stem. This requires NO and Cu 2+ ions, which are reduced to Cu + when Gpc-1 is S-nitrosylated. Previous studies in cell-free systems have shown that APP supports Gpc-1 autoprocessing in the presence of Cu 2+ (Cappai et al. 2005) . Moreover, in APP −/− MEF formation of anMan-containing HS is undetectable but can be restored by transfection with a vector encoding APP (Cheng et al. 2014) . In the present study, the increased expression of APP in Tg2576 MEF resulted in decreased sensitivity to copper chelation, presumably because there was ample supply of copper. Precisely how copper-loaded APP, NO and Gpc-1 interact to generate S-nitrosylated Gpc-1 remains to be elucidated. The increased expression of APP also rendered Tg2576 MEF less sensitive to inhibition of iNOS by aminoguanidine suggesting increased expression of iNOS or other forms of NOS or protection of iNOS from inhibition by aminoguanidine. Overall, APP overexpression induced increased capacity for the generation of anMancontaining HS degradation products by providing ample supply of copper and NO for the S-nitrosylation of Gpc-1. The mechanism behind this effect remains unsolved.
SNO-catalyzed release of anMan-containing HS from Snitrosylated Gpc-1 takes place in caveolae and endosomes . APP expression is required for endosome-to-nucleus transfer of HS (Cheng et al. 2014) . Exit from endosomes is greatly impeded by inhibition of APP processing, suggesting that Aβ peptides and/ or the remaining membrane-bound C-terminal domain facilitate membrane penetration of anMan-containing HS. This is supported by the present findings as there was a rapid nuclear translocation of HS in Tg2576 MEF which produce larger amounts of Aβ peptides. Moreover, Aβ peptides were also transported to the nucleus, which was not observed in WT MEF. We have previously shown that toxic Aβ peptide assemblies taken up by cells enter the nucleus (Cheng et al. 2013) . Moreover, Aβ assemblies formed in the presence of anMan-containing HS are non-toxic (Cheng et al. 2013) . Intracellularly generated Gpc-1-derived HS may have a protective, chaperone-like function. When the protective capacity is exceeded, Aβ peptides may aggregate into toxic forms. Hence, spontaneous generation of anMan-containing HS, nuclear transit followed by capture in autophagosomes continued in growth-quiescent Tg2576 MEF but not in WT MEF.
There was also rapid clearance of anMan-containing HS and Aβ peptides from the nuclei of Tg2576 MEF. However, degradation via the autophagosome/lysosome pathway was impaired and Aβ accumulated extracellularly. Release of Aβ into the extracellular space could be mediated by exosomes (Rajendran et al. 2006) . As also the degradation of anMan-containing HS appeared defective in Tg2576 MEF, anMan-containing HS may similarly be released into the extracellular space, which could explain the anMan staining of amyloid plaques of Alzheimer disease brains (Cheng et al. 2011 ).
It cannot be conclusively established whether Aβ and anMancontaining HS colocalize in endosomes and autophagosomes, since there is no polyclonal anMan-specific antibody available for costaining with mAb 4G8. Moreover, possible variations of intracellular organization in WT MEF and Tg2576 MEF cannot be addressed. In addition, it cannot be excluded that other HS derived from other proteoglycans also participate in the regulation of Aβ trafficking. Further studies with other microscopic techniques may shed light on these issues.
Accumulation of toxic Aβ aggregates in sporadic Alzheimer disease could be due to inadequate formation of anMan-containing HS, for example, by failing NO production or shortage of copper ions and vitamin C or slow traffic in the endosomal pathway or a combination thereof. Indeed, in fibroblasts from Niemann-Pick type C disease, where endosomal traffic is retarded, there is decreased generation of anMan-containing HS (Mani et al. 2006a ). Accordingly, amyloidogenic fragments of APP accumulate in neurons from this disease (Jin et al. 2004 ). Hence, a balanced formation of Aβ and HS may be required for cell survival. 
Materials and methods

Material
Mouse embryonic fibroblasts (MEF) from WT and Tg2576 mice were generous gifts from Professor Roberto Cappai, University of Melbourne, Australia. The DNA staining compound DAPI (SigmaAldrich), mAbs AM (anhydromannose), Rab7 (Santa Cruz) and 4G8 (Aβ, Biosource), pAbs A8717 (APP C-terminal, Sigma) and LC3 (autophagosome marker, Sigma-Aldrich), ascorbate (Sigma), LTR (Molecular Probes), aminoguanidine (Sigma) and neocuproin (Sigma) were the same as used previously (Cheng et al. , 2012 (Cheng et al. , 2014 Ding et al. 2002; Mani et al. 2003 Mani et al. , 2006a Cappai et al. 2005; Svensson and Mani 2009 ).
Deconvolution immunofluorescence microscopy
Cells were examined by immunofluorescence microscopy as described previously (Cheng et al. 2014) . In brief, cells were fixed in acetone in order to retain cellular and subcellular structures and to ensure the preservation of carbohydrates. The fixed cells were first precoated with 10% antimouse total Ig and then exposed to primary antibodies overnight. The secondary antibodies used were FITC tagged goat antimouse Ig when the primary antibody was a monoclonal and Alexa Fluor 594-tagged goat anti-rabbit IgG or sometimes Alexa Fluor 594-tagged donkey anti-goat IgG when the primary antibody was a polyclonal. In the controls, the primary antibody was omitted. DNA staining with DAPI, as well as staining with antibodies was performed as recommended by the manufacturers. The fluorescent images were analyzed by using a Carl Zeiss AxioObserver inverted fluorescence microscope with deconvolution technique and equipped with objective EC "Plan-Neofluar" 63x/1.25 Oil M27 and AxioCam MRm Rev Camera. Identical exposure settings and times were used for all images. During microscopy, the entire slides were scanned and representative immunofluorescence images containing many cells are presented in the figures. In line-scan and colocalization analysis, the fluorophores were excited in sequential matter using multitrack acquisition to minimize channel cross-talk. Assessment of cross-talk was made by exciting one fluorophore at a time and motoring emissions of the other fluorophores. The cross-talk controls were used to optimize the amount of signal gain for each channel without initiating bleeding through. Data analysis for f colocalization was performed using Zeiss AxioVision Release 4.8 software. All cells in the entire images were used for calculation of colocalization.
Estimation of Gpc-1 and HS
RIPA extracts of cells were analyzed by slot blotting to PVDF membranes that were incubated with rabbit antimouse Gpc-1 antiserum (1 : 1000) followed by visualization using horseradish peroxidaseconjugated anti-rabbit IgG (1 : 500). Staining intensities were recorded by densitometry (Cheng et al. 2011) . Isolation and identification of nuclear [
35 S]HS was performed as described earlier (Cheng et al. 2014 ).
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Supplementary data for this article are available online at http:// glycob.oxfordjournals.org/. 
